The effect of addition of small amounts of stearic acid on the adhesive properties of polydimethylsiloxane (PDMS) was investigated. Stearic acid reduced the peel strength of bonded aluminium samples with the joint weakening effect increasing with increased loadings. Surface analysis of the peeled surfaces was carried out using XPS, SSIMS and FTIR. This showed that stearic acid did not form a weak boundary layer at the metal-polymer interface as would traditionally be expected. Local Force Microscopy confirmed this, as the surface adhesion of the PDMS increased, rather than decreased, on addition of stearic acid.
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Introduction
For both economic and environmental reasons there is an increasing demand on industry to re-use and recycle components when products are taken out of service. For new vehicles this requirement is defined by legislation such as the European and Japanese 'End of Life Vehicle' directives [1] [2] [3] . Many multi-component systems are adhesively bonded to join components of dissimilar materials and shapes. When such systems are disassembled it is necessary to break the adhesive bonds in a controlled manor so that components can be separated for re-use or recycling without damage or excessively long working times.
Long chain carboxylic acids are commonly used as additives in rubber processing and have proved to aid mould release [4] [5] [6] . A large number of patents for rubber and plastic products include use of stearic acid or a metal stearate as a processing aid.
Some examples include sodium stearate in polyethylene terephthalate (PET) compounds [7] , zinc carboxylates containing 8-24 carbon atoms per carboxylate group in polyurethane elastomer mouldings [8] , zinc stearate in reinforced thermoplastics [9] and stearic or palmitic acid as a lubricant in acrylonitrile butadiene styrene (ABS) and styrene acrylonitrile (SAN) polymers [10] .
There is evidence that longer chain molecules such as stearic acid are more effective mould release agents than shorter chain molecules such as lauric acid [11] . As well as use as a mould release agent in component manufacture, this sort of additive with abhesive properties may be used to control the strength of adhesive bonds to aid separation of bonded components. It is commonly believed that stearic acid aids mould release and reduces the observed levels of adhesion by forming a weak boundary layer (WBL) at the polymer or adhesive surface which will fail cohesively [4] . This paper describes investigations carried out to provide an explanation for the observed adhesion-reducing effect of addition of small amounts of stearic acid to the commercially available polydimethylsiloxane (PDMS) Sylgard 184 TM . Sylgard 184 TM is a two part platinum catalysed addition curing material produced by Dow Corning.
Addition curing occurs via pendant vinyl groups on the silicone polymer backbone [12] . The reaction is accelerated either thermally or using a chemical cure accelerator.
Sylgard 184
TM is supplied as a two pack product with the backbone monomer in 'Part A' and the cross-linker in 'Part B'. The platinum based catalyst is in both parts. An inhibitor is also contained in the mixture to slow the reaction to aid use of the material. For the mixture of 'Part A' and 'Part B' to cure either the mixture is heated, or a cure accelerator is used to overcome the activation barrier to reaction caused by the inhibitor. Figure 1 shows the cure reaction of a typical PDMS system [12] .
In this study peel tests were used with bonded aluminium foil substrates to measure large scale adhesive properties and Local Force Microscopy was performed on the cured PDMS surface to measure adhesion over smaller scales.
Peel tests are commonly used for testing sealants and pressure sensitive adhesives.
PDMS falls into this category as it is a rubbery material and in its cured state, the material surface remains slightly tacky, giving it pressure sensitive properties.
A number of standard peel test configurations are available including T-peel tests for flexible-to-flexible substrate bonding [13] along with 90° [14, 15] and 180º peel tests [16] for flexible to rigid assemblies. Joint configurations for these tests are shown in Figure 2 . Other, more complex peel test configurations include the climbing drum [17] , floating roller [18] and mandrel peel tests. The BS and ASTM standard tests cited outline the bonding configuration, testing conditions and values to be reported for the peel tests.
The T-peel test is often the most suitable test for flexible-to-flexible assemblies and is the configuration selected for this study of the effect of stearic acid on adhesive joint strength. The authors have also investigated the effect of stearic acid on samples bonded with cured silicone rubber in 90° and 180° peel tests [19] . This data is not presented here as different surface preparation techniques were used for the different test configurations, making the results not truly comparable with the T-peel test results presented.
In the T-peel the unbonded end of both substrates is pulled apart at an angle of 180° and fixed in the grips of the testing machine. The peel angle is not strictly 180° throughout the test but varies according to the bending stiffness of the peeled substrates [20] . The joint is pulled apart at a constant crosshead separation rate and the force required to do this is measured. As with mechanical tests using rigid adhesives, a crack grows from the initiation point into the bonded area. The peel test can bring about crack growth in the adhesive (asymmetric cohesive failure) or it may bring about interfacial failure at the bond between the adhesive and substrate [21] . At the crack tip the peeling causes a compressive zone and induces shear stresses in addition to the tensile stresses experienced by the adhesive and interface [22] .
The work of adhesion, i.e. the energy required to break an adhesive bond and make two new surfaces, can be defined as:
Where  is the work of adhesion,  1 and  2 are the surface energies of the two new surfaces created and  12 is the interfacial energy between the two materials in contact [22, 23] .
However, in a peel test the overall peel energy is influenced not only by the work of adhesion but also by plastic, viscoelastic, bending properties of the bonded system and other factors relating to the materials and experimental conditions.
As such, the peel energy is more accurately defined as:
Equation 2[20]
Peel energy and work of adhesion are thermodynamic parameters, which are independent of separation rate, thickness of adhesive or other parameters affecting the physical properties of the bulk adhesive. They can be calculated from the results of mechanical testing but more often, the force required to break an adhesive joint is measured and reported.
Provided that factors such as the backing materials, surface treatments etc. are controlled, mechanical tests of different adhesive systems may be carried out to give comparative figures. Peel strengths are typically calculated as force averaged over the peel distance [20] . Such tests have been widely discussed by Moore [21, 24] .
A more fundamental measurement of adhesive forces can be obtained by measuring the forces interacting between an AFM tip and a fixed point on a surface. Such measurements are known as Local Force Microscopy [25] ; this technique has been used in the present study. AFM is ideal for force sensing as it is highly sensitive to displacement, of the order of 0.01 nm and there is a small tip-sample contact area (typical tip radius is less than 10 nm).
When an AFM tip interacts with a soft sample, such as PDMS, the sample can be deformed by the AFM tip. Upon approach to the surface, the tip is pulled into contact with the surface at the point of mechanical instability, i.e. when the gradient of the interaction force exceeds the cantilever force constant. After this initial contact, the tip is pushed downwards at a constant speed to a pre-set distance. The shape of the approach curve in a force-distance diagram of this process indicates whether the PDMS is deformed by the AFM cantilever and the slope of the curve is a function of the elastic modulus of the PDMS. This slope can be used to derive information about sample hardness and stiffness [25] . When the AFM tip is pulled away from the sample the inverse of the factors causing the approach curve occurs. If both the approach and pull-off curves are straight and parallel, there is no hysteresis; any hysteresis gives information on the plastic deformation of the sample. Adhesive interactions between the polymer sample and AFM tip cause the tip to adhere beyond the contact point on the approach curve. The polymer is deformed by this attraction causing polymer extension under a tensile stress as the tip pulls away from the surface. Once the retraction applied by the AFM overcomes this force of attraction the tip sharply pulls out of the surface to its non-contact position and then returns to its equilibrium position.
AFM adhesion studies use the Johnson-Kendall-Roberts (JKR) approach or other similar contact theories to derive the work of adhesion from the measured pull-off force between an AFM tip of known area and the surface under investigation [26] .
Derived from the Hertz model [27] the JKR model describes the adhesive contact between solids. [26, 28] . The radius of the circle of contact between two adhesive elastic materials (a JKR ) is defined as:
Where  is the work of adhesion, P = the load applied by a spherical indenter of radius R, and K is the equivalent elastic modulus of the indenter tip.
When a negative force is applied and the two surfaces are pulled apart, separation occurs at the critical force (P c ):
And the contact radius at zero pressure is:
Hence, the work of adhesion (Δγ) can be calculated if the critical separation force (P c )
is measured and the tip radius is known. In the present study, a combination of surface analytical and Local Force Microscopy is used to provide a scientific explanation for the observed reduction in adhesive joint strength of peel test samples bonded with a PDMS adhesive with low levels of incorporated stearic acid.
Experimental
Unmodified PDMS
Sylgard 184
TM was prepared from two part kits with a chemical cure accelerator in a 10:1:1 ratio of the vinyl functionalised polysiloxane 'Part A' to the crosslinker 'Part B' to the Q-3659 cure accelerator. After mixing, the resulting mixture was degassed in a vacuum chamber until formation of bubbles ceased. The degassed liquid was then used to prepare samples, which were left to cure for a minimum of 24 hours at room temperature before testing or analysis.
Stearic acid was ground using a mortar and pestle and passed through a 212 m sieve.
The sieved material was stirred into uncured Sylgard 184 TM in percentages from 0 to 1 wt% prior to degassing.
Preparation of Peel Test Specimens
Degreased aluminium foil pieces (0.06 mm aluminium foil, 99 % purity, annealed), were rinsed in cold deionised water for 2 minutes. Subsequently the substrates were placed in a 5L FPL etch solution (H 2 SO 4 /Na 2 CrO 4 ) for 5 minutes at 70ºC. On completion of the etch procedure, the substrates were rinsed in deionised water for 2 minutes and dried under ambient conditions until completely dry.
The FPL etched aluminium foil substrates were bonded with Sylgard 184 TM containing stearic acid in the range 0 to 1 wt%. The glue line thickness was controlled using aluminium foil spacers 0.06 mm thick.
The bonded samples were left to cure for 24 hours under ambient conditions before testing. The test samples measured 30 mm wide by a minimum of 100 mm long.
T-Peel Tests
Mechanical testing was carried out using a Lloyd Instruments 10000 tensometer with a 500 N load cell and a cross-head separation speed of 50 mm/min. Samples were tested in a T-peel test configuration with the initial non-bonded section of the peel specimen held in the grips of the tensile test machine. The first 25 mm of peel were neglected and then the peel strength was measured over the subsequent 75 mm. The average peel strength per unit width was calculated over this length.
Surface Analysis of Failure Surfaces

Static Secondary Ion Mass Spectrometry (SSIMS)
A Cameca 3F SIMS instrument was used to analyse the failure surfaces of the peeled samples. A positive ion spectrum was produced using a duoplasmatron ion gun using negative oxygen at 12.5 keV. The mass spectrometer was a magnetic sector type. The beam current was <1nA and conditions were such that less than 1% monolayer was removed during analysis. The sample area analysed was 150 x 150µm with a mass resolution (Δm/m) greater than 250.
X-ray Photoelectron Spectroscopy (XPS)
XPS spectra were recorded on a VG Scientific Escalab MK 1 with an Al K α X-ray source (1486.6 eV) operated in constant analyser energy mode. A source potential of 9kV was used at 20mA current.
Analysis was conducted on 100 mm 2 samples from the polymer and metal sides of failed joints from the peel tests.
Attenuated Total Reflectance -Fourier Transform Infrared (ATR-FTIR)
FTIR spectra were collected using a Mattson FTIR Spectrometer with an ATR cell for analysis of surfaces. Spectra were collected from 4000 to 600 cm resolution.
Surface Adhesion Measurements Using Local force Microscopy
Force-distance curves were obtained using a Veeco Explorer AFM. A dual cantilever contact mode boron doped silicon probe with a conical tip having an angle of 12° and nominal radius 10 nm was used. A probe speed of 1m/sec was used with the probe being immediately pulled off the surface, i.e. with a dwell time of zero seconds.
Four force-distance measurements were made from three separate areas of the surface of each PDMS sample to ensure reproducibility between repeat tests and between different areas of each sample.
Results/Discussion
Peel strength
The peel test data shows that the strength of PDMS bonded aluminium T-peel joints reduces as the stearic acid loading in the PDMS increases; as shown in Figure 3 . The error ranges represent one standard deviation of an average of five samples. The results show that there is a graduated reduction in peel strength as stearic acid content is increased. This follows the same trend observed using 90° and 180° peel samples of aluminium bonded with stearic acid doped PDMS [19] .
Overall, between 0 wt% and 1.0 wt% stearic acid addition there was a 60 % reduction in peel strength.
Failure surfaces
Positive ion SSIMS spectra were taken from both the metal and polymer side of the peeled adhesive joints. The spectra of all the samples showed peaks characteristic of PDMS at 28, 43, 73, 147, 207, 221 and 281 amu [37] . Peaks characteristic of stearic acid would be present at 267 and 285 amu [37] . A peak at 267 amu was present in the spectra of both unmodified PDMS and PDMS containing stearic acid, however, the peak at 285 amu was not present in any of the spectra. Spectra of PDMS failure surfaces are shown for unmodified PDMS and PDMS with 0.3 wt% stearic acid, see
Figures 4a and 5a.
Peaks due to Al (27 amu) and Si (28 amu) in spectra of both the modified and unmodified PDMS suggest mixed mode failure in both cases. Figures 4b and 5b show spectra of the corresponding metal failure surfaces from these adhesive joints.
The ratios of Al:Si peaks measured using this technique are shown in Table 1 . They
give an indication of changes in the contribution to failure with stearic acid addition.
A comparison of this ratio shows no conclusive increase or decrease in the cohesive component of joint failure. However, it should be noted that unlike XPS, SSIMS data is not regarded as fully as there is no simple linear scaling factor between peak intensity and quantity of an element.
As well as looking for the presence of Si (28 amu) or Al (27 amu) peaks to suggest locus of failure, the presence of peaks specific to stearic acid are also of interest. Any such peaks would lend strong support to the WBL theory for bond failure. As with the SSIMS data this observation suggests cohesive failure within the boundary polymer immediately adjacent to the metal substrates. Table 4 shows the chemical composition of the surfaces analysed from XPS data. The presence of peaks due to silicon on the specra of the metal surfaces shows that in all the peel tests failure was cohesive.
The Al:Si ratio on the metal surface would indicate the degree of cohesive failure in the mixed mode failure joints. There is no clear trend of increase or decrease of the degree to which the failure is cohesive with respect to percentage stearic acid although all the data implies cohesive failure within the PDMS. The presence of sulphur detected on some of the metal surfaces is from the etch process carried out to pre-treat the surface prior to bonding.
Analysis of the polymer side of the peel surfaces using ATR-FTIR revealed no differences between the unmodified and the stearic acid modified surfaces.
As with SSIMS and XPS analyses, the metal side of failed joints were used to identify the locus of failure. which is attributed to the Si-C stretch and the asymmetric C-H rock [38] . These peaks are characteristic of PDMS and show that the IR sensitive material on the metal surface is PDMS.
The ATR spectra of the metal surfaces of failed stearic acid modified joints do not show peaks characteristic of saturated carboxylic acids, confirming the absence of stearic acid at elevated levels in this region.
Overall, analysis of the failure surfaces using SSIMS, XPS and ATR-FTIR showed mixed mode failure with some PDMS being transferred to the metal surface. There was no evidence of stearic acid on either the PDMS or the metal failure surface. This suggests that stearic acid does not migrate to the metal polymer interface to form a weak boundary layer (WBL).
Surface Adhesion
Force-distance curves were obtained for PDMS samples with loadings of 0, 0.5 and 1 wt% stearic acid. The output of the AFM was in units of current i.e. nA. A conversion factor of 0.314 N/A was used to convert the current output from the AFM into units of force. This was not a true calibration factor determined for the specific system but an average figure typical of the type of AFM probe used which gives relative data on the effect of stearic acid on the properties of the PDMS samples. Figure 9 is a typical force-distance curve obtained from the unmodified PDMS surface. A clear jump is observed in the forward curve when the tip 'snaps-in' to the surface as attractive Van-der-Waals forces overcome repulsive forces between the PDMS and silicon surfaces. This effect is mirrored by a 'pull-off' force when the tip is retracted from surface. All the force-distance curves produced using either modified or unmodified PDMS showed that a greater force was required to separate the probe and PDMS surfaces than was needed to bring the surfaces together. Also, separation occurred at a greater distance from the turning point than the 'snap-in' point, which is regarded as the height of the surface, suggesting that the PDMS adhered to the AFM tip and stretched before detaching from it. The difference between the minima of the two curves i.e. the 'snap-in' and 'pull-off' forces is a measure of the strength of adhesion between the AFM probe and the PDMS surface. This value has been used as the adhesive force in this study to eliminate uncertainties in the location of the 'zeropoint' which varied between the individual force-distance experiments. Table 5 The gradient of the AFM curves as the probe pushes into, and out of, the PDMS surface give information on the stiffness and hardness of the PDMS. The fact that these lines are not parallel for any of the samples indicates hysteresis as a result of some form of molecular rearrangement or relaxation taking place in the PDMS. The reverse curve is steeper than the forward curve, suggesting that the material has become stiffer over the course of the experiment. As Sylgard 184 TM is relatively flexible it is likely that stiffness has a greater influence on the curve gradient than hardness. This gradient was calculated for each curve from the set of adhesive pull-off tests. Table 4 shows the average gradients of the curves produced using PDMS samples containing stearic acid at levels of 0, 0.5 and 1 wt%. It was found that the material stiffness measured in both the loading and unloading curves increased with increased levels of stearic acid. As with the surface adhesion measurement, there was a significant difference between the samples with stearic acid added and the unmodified samples but the difference between the samples with the two different concentrations of stearic acid was not statistically significant.
The results suggest that the stearic acid modified PDMS is stiffer than the unmodified material. This confirms the results of a study which showed an increase in modulus of tensile test specimens and an increase in the crosslink density of PDMS as the stearic acid content is increased [43] .
As a result of the findings from the peel tests and AFM pull-off tests, it is proposed that PDMS modified by addition of low levels of stearic acid becomes tackier and forms a stronger bond with the aluminium foil used in peel tests. When the foil is peeled stress concentrations at the metal-polymer interface are higher with PDMS made stiffer by addition of stearic acid, causing the adhesive bond to break cohesively in the PDMS close to the metal surface. As the stress is more concentrated in this region with the stiffer, stearic acid modified PDMS, the force required to peel the joint is lower than for systems with unmodified PDMS.
Therefore, the proposed mechanism for the reduced adhesion is a bulk stiffening effect of the stearic acid modified PDMS coupled with softer PDMS at the polymermetal interface, rather than a decrease in surface adhesion caused by formation of a weak boundary layer of stearic acid. The surface of the stearic acid modified PDMS in fact becomes more adhesive and forms a stronger bond than unmodified PDMS.
This bulk stiffening effect is likely to be a result of stearic acid accelerating the PDMS cure reaction such that the final material is more highly cross-linked. Evidence of this catalysis has been shown by kinetic analysis of FTIR and thermal data [43] .
Future work is planned to investigate how the stiffness and adhesive properties of stearic acid modified PDMS change through a depth profile of a bonded joint to show whether there is any change in stiffness through the depth which could contribute to the reduction in peel strength with stearic acid loading.  These results suggest a mechanism by which:
1 Stearic acid affects the PDMS cure reaction resulting in a material which is stiffer but has a more adhesive surface than the unmodified PDMS.
2 On peeling, the stiffer modified PDMS is subject to greater stress concentrations at the polymer-metal interface than unmodified PDMS is, causing the PDMS to fail cohesively close to the interface.
3
The increased concentration of stress causes the samples bonded with stearic acid modified PDMS to have lower peel strengths than those bonded with unmodified PDMS.
 This is against the perceived wisdom that stearic acid forms a weak boundary layer between the adhesive and metal substrate. Figure 2: Proposed cure reaction of PDMS [12] (a) (b) (c) Error limits at ± 1 standard deviation
Figure 2: Common specimen arrangements for peel tests showing (a) 90º peel, (b) 180º peel and (c) T-peel
